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ABSTRACT 


A technique for designing nonlinear active networks having 
a specified frequency response is presented. The technique, 
which can be applied to monolithic/hybrid integrated-circuit 
devices, utilizes the parameter plane method to obtain a 
graphical solution for the frequency response specification in 
terms of a frequency-dependent resistance. 

A limitation to this design technique is that the nonlinear 
parameter must be a slowly-varying quantity - the quasi-frozen 
assumption. This limitation manifests itself imethe InabriLey 
of the nonlinear networks to filter a complex signal according 
to the frequency response specification. Withiinethie COnSt Galles 
of this limitation, excellent correlation 1s attained between 
the specification and measurements of the frequency response 
of physical networks. 

Nonlinear devices, with emphasis on voltage-controlled 
nonlinear FET resistances and nonlinear device frequency 
controllers, are realized physically and investigated. Three 
active linear filters, modified with the nonlinear parameter 
are constructed, and comparisons made to the required frequency 


specification. 
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I. INTRODUCTION 


The goal of this thesis is to investigate the applicability 
of the parameter-plane techniques o£ Thaler and Thompson 
tere LL), Siljak (Ref. 2], Hollister [Ref. 3], Glavis [Ref. 
4), Nichols [Ref. 5], and others to the design and construc- 
tion of nonlinear active networks having a specified frequency 
response. If the implementation of this technique yields 
networks capable of filtering a comslex signal in a prescriked 
manner the applicability of the parameter plane technique to 
nonlinear active filter design has Seen established. 

Nakajawa applied parameter-plane techniques to active 
filter systems. Nichols [{Ref. 5] applied the parameter-plane 
frequency response techniques to the design of electrical 
filters containing nonlinear elements. Nichols produced a 
digital computer program (PARTF1l and PARTF2) which would permit 
graphical solution of a superimposed nonlinear parameter 
characteristic onto a family of linear frequency-response 
plots. His experimental verification of the validity of this 
technique was based on computer Simulation of the network 
model. A major limitation to the Nichols design technique 
is ona the nonlinear element must vary slowly, the so-called 
G@vasi-trezen approximation. 

This research will investigate the design and construction 


of nonlinear active networks of specified frequency response. 


HZ 





The block diagram of the general nonlinear network is shown in 
Figure 44. The technique will begin with a specified fre- 
quency response for the nonlinear network and a given type Of 
linear active filter whose frequency response is similar to 
the prescribed frequency response. The linear active filter 
will be modified by the substitution Of a f£requency—dependent 
nonlinear resistance for one of the resistors in the circuit. 
This nonlinear-resistance is the parameter in the parameter- 
plane computer program. 

The frequency-dependent nonlinear parameter Ghee bonis © Le 
Wemobtained from the superimposition of the Soecliieda rre= 
quency response onto the set of linear frequency response 
lots Of the linear filter obtained from PARTF1. The values 
eertne FET ee eeae which is to be the a-parameter, are 
determined by the gate-source voltage characteristic estab- 
lished by the nonlinear Gevicemconenroller. 

An overview of pertinent concepts from the following fields 
of interest is included: (1) parameter plane techniques, 

(2) filter design characteristics from approximating polynomn- 
als 3s) basic monolithic/hybrid integrated-circuit desidn 
principles, and (4) Gesugn OL nonlinear active filters 
utilizing the parameter-plane tecimmigue - 

Investigation of the FET drain-source resistance as 4a 
voltage-controlled nonlinearity is included. Different con- 
Gilgug@arLons Ob the interconnection of the leads of the FET 
are examined for improving the performance of the FET as a 


voltage-controlled resistor. 


he 





a 


Frequency-dependent device controllers are investigated 
and physical models constructed. The controller will provid:2 


the gate-source voltage of the FET so that R may vary as 


DS 
required to produce the requisite frequency response of the 
fe enear network. 

After the techniques of utilizing the FET resistance as a 
frequency-dependent nonlinear element have been established, 
filter or network design examples are demonstrated. The physical 
models of the networks are tested in the quasi-frozen mode by 
measuring the frequency response of the network to a slowly- 
varying frequency Sinusoidal signal input of constant amplitude. 
Harmonic distortion is measured for square-wave inputs to the 
network. Multiple sinusoidal signals of selected amplitude 
and frequency are used to test the principles of superposition 
and homogenity, ascertaining the amount of deviation from 
linear behavior. 

Because of the scope of the concepts that are being 
Combined in this work, the research is confined to operational- 
amplifier (UA741C Fairchild) R-C filters with a frequency- 
dependent nonlinear resistance used as a parameter. The 
nonlinear resistance will be a field-effect transistor, either 
Peis Sryl4 i (RCA MOSFET) or a 2N3819/2N3820 (TI JFET). It 
is felt that applicability of the parameter plane synthesis 
techniques to this set of nonlinear filters will permit 
inference of its applicability to the larger set of nonlinear 


Mmenoltthiec/hybrid filters. 
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II. OVERVIEW 


A. PARAMETER PLANE TECHNIQUES 

The basic equations for understanding the parameter plane 
techniques are cited below. This brief development of para- 
meter plane techniques with attendant equations is meant to 
serve as a basis for the use of the parameter plane computer 
peogcams Of Nichols. The transformation in going from the 
complex-frequency domain to the parameter plane is indicated. 
The basic algorithm for solving for the magnitude and phase 
of the transfer function in the parameter plane is also 
briefly discussed. For a complete development of the fre- 
quency response techniques in the parameter plane, see [Refs. 
ives, 4, and 5]. 

Pee laste Defining Equations 

a. Transformation Techniques Involving Chebyshev 


Polynomials [Ref. 4] 


oy Var afte 


n ; 
Loewe oie = 2 a S = 0 where §S 


© 
tL 


or a, (a,8) 


4. between S 


and positive 


II 


Let - = cos(8) = 0/W Q 


wode ax 1S. 
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then oO = Ww, Cos 6 
W = 0 Sin 6 = WO /1-cos” e@ = WO Jy? ; 
therefore S = w (cos Sesto) — we alt = ak = w* fel) 
ahs = w* {cos k 6 + j sin k @) 


Introducing Chebyshev functions and setting 


i 


eto) = cos k@ = cos (k cos. (-v)) 
upt-e) = SEAS asin Os cose) 
sin (cos (-T)) 
Paieeye= -1 1, (ct) and v,(-c) = -1*** uy, (2) 
s, =u pr(-c) + 3 Ane? uy(-oy} =o * (-2*9, (0) 
+ j vi-e*  (-1)*** yy, (0) 
Then F(S) = a an w © (-1)* Ty (%) 3) a ay vw % U, (%) = 0 


Requiring the quadrature components of F(t) to go to zero 


independently yields (circled numbers are equation numbers) : 


1@ 
awk 
Eo ay W, (-1)" Ty (c) = 0 Q 


The recurrence relations for Chebyshev functions are: 


TCM 2e Te) D1, (c) = 0 


U4, (t) - 2 U(s) + UL_, (5) = 0 
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Recalling that 


Suestituting in G) yields 


B k k = k 
Poe wees r tc) = 2 a ww (-1) [cU,(c) - U,_.(zc)]; 
0) as k k=0 gm k k-1 
therefore 
n es k n k 
mcs tot) 6 6 (ct) =) 6lCUa lh CH), (ce) = 0 
k=0 en k eye Keon k-1 


Mire etirst term is zero from (2) ; 


a (-1)¥ ui) =0@), 


therefore 


[| ms 
eS) 


0 


bem iranstormation Techniques [{Ref. 2]. 


n 
F(S) = 2 ay. as RO hur, >) =) Oo Reals 
k=0 
mG pai) e— 0 Imaginaries 
provided J = dR/da dR/OB 


exists and is not equal to zero. 
dL /da doL/dB 


Then the basic equations are: 


lef 





n 
R = z a, X, = 0 where X, = X, (0 ,w) 


k=0 x 
Vi Bea omar) 
k k 
I= fF a, iY, = 0 
a Kee kk k _ 
k=0 . SS” = A+) YE 
ow? a COmeETD) 
B = Soi Aris) 
i A, (a,8) 
and recurrence relations become: 
2 Z = 
nal 20 xX, + Oe ae i) a oo 
Y - 20 Y, + ee + 2 Y = 0 
k+1 k Rey 9 


re ceauency response Techniques [Ref. 1}. 


Let T(S) = ee be the system transfer function 


define 
Dy: _ Se | 
Poem) | = Fore = T(jw) -T(-jw) 
: 2 
; N,(S) + Ng (S) N{(S) - Ng(S) NA“ (S) - Ng“ (S) 
De oreo en eeD (oe (os) DP. (S) = BD, (Ss) 


Since T(S)T(-S) is an even function, then T(jw)-T(-jw) 1s an 
even function and consequently mM? is even! 


Let: 
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- age _ 
6 = tan Noy (S) D., (S) N.(S) Do (S) 


= 5 Se ES 
NS) D,(S) Ng fS) Do (S) 


2. Basic Assumptions 


iMmene use Of the parameter plane technique for non- 
linear analysis and synthesis, some basic assumptions are 
= . aa 
made. The nonlinear element is allowed to vary only slowly. 
mouxal, p. 560 [Ref. 6] declares: 
imsthe case of a system with slow nonlinearity, 
the transfer function concept is valid and system 
behavior can be described in terms of poles and 
zeroes which wander slowly around the complex 
plane. In the case of a system with a fast non- 
linearity, such as Saturation, the conventional 
pole-zero, or transfer function, approach loses 
Pesesi@niuiicance. The describing function 
analysis ... is essentially to approximate a fast 
nonlinearity by a slow nonlinearity and, in this 
way, extend the transfer-function concepts to 
systems with fast nonlinearities. 
The powerful tools of superposition and homogeneity do not 
Setem., Davis {[Ref. 7] and Nichols utilized single-valued 
nonlinearities for sinusoids of fixed amplitude. These are 
all serious restrictions to be overcome if the parameter plane 
technique is to be useful as a synthesis tool for nonlinear 


active filters of specified frequency response. 


B. FILTER DESIGN CONSIDERATIONS (Weinberg [Ref. 8] 
The Ideal low-pass filter is the basic building block of 
Daemovmiinesis techniques. Characterized by the transfer 


Function magnitude squared: 


1S 





2 : 
}Z5, (jw) | = + where A, (w) mee LOO eb i 


1+ A, fw ) 


sun A. (w*) SS 4 ah a > A | 


its characteristic is the ideal to which the Butterworth, 
Bessel, Chebyshev, and Butterworth-Thompson realizations are 
compared. Figure 1 depicts the ideal filter case. 

The Butterworth approximation, known as the maximally 
flat case, is characterized by a transfer function magnitude 
Squared : 


2 i 
nz (jw) | eo 
Palle ‘ee pen 


Noticing the monotonicity of the Butterworth approximation, 
it can be concluded that as the degree of the polynomial (the 
number of reactive elements) iS increased more of the passbéend 
has small attenuation and the rate of roll-off is increased. 
Bie plot of |Z, (jw) | moose LuMctlomoL radian Enequency 
with the parameter 'n' indicated, is demonstrated in Figure 
Ze in the s-domain, the normalized values of roots for the 
Butterworth polynominal, regardless of degree, fall on the 
(igulis siinemle. 

The Chebyshev approximation, having the equal-ripple 
Ppueeemtyeim the pasS-band and stop-band, is characterized by 


a transfer function magnitude squared: 


2 1. 
[Z,, (ja) |“ = ——— > 
ae 1 + eR 2 app 
n 
where € 1s the ripple factor and R, fw) is the Chebyshev 
rational function. The plot of the locus of the roots in the 


s-domain for a Chebyshev filter is an ellipse whose semi-major 
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Figure 1. Ideal Low-Pass Filter. 


2 
| Z (ju) | 
21 Ideal Case 






n—> 


re eae 
NO Tk 


Wy tl 


Figure 2. Butterworth Approximation (Not 
womoca le), 
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axis is cosh 5 and whose semi-minor axis is sinh dos where 


b> is given by: 


aL 


[a 


5 = sinh ~ (1/e) 


Because of the ellipticity of the locus, the Chebyshev Pane tr 
is referred to as an elliptical filter. 

The Bessel approximation, known as the maximally flat 
time delay case, is characterized by a transfer EEN gle! Salepe! 


magnitude squared. 


Z 





[2,0 1° = —T(ntl) 1 — 5 
Ve 2u Tea ily Jt /2 'h)! 
where wo = w/t. = W/W 6 
A . & 
Wo = inet (éivaelkela 


lit ; 
and where Dai J (Gaga) terms are the sonerical Bessel. 


Puacelons. 

By referring to Table lI, transient response characteristics 
of the Butterworth filter, it can be seen that as the order 
of the filter increases, the overshoot to a unit step UMP 
voltage greatly increases. Table Met ranslen=) LeSponse 
characteristics of the Bessel filter, shows that the rise time 
becomes larger for high-order Bessel filters. The Butterworth- 
Thompson approximation realization has smaller overshoot than 
the Butterworth filter and better rise time than the Bessel 
MmemnceratRet. 8, p. 206). 

Frequency transformation and duality techniques may be 
used to obtain high-pass, band-pass, or band-stop filter 


ae 





TABLE I. Butterworth Transient Response 


Gnaracteristics 
Degree Percent Overshoot Risetime 

n 

1 0 IRONY 
2 ans Zo 5 
3 S25 DEOTS 
4 10.9 Za 
5 26 2.56 


TABLE II. Bessel Transient Response 


Characteristics 
Degree Percent Overshoot Race eine 

n 

i: 0 2,20 
2 0.43 2.73 
3 Ors See 
4 G263 3.36 
5 O27 6 ees: 
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parameters in terms of the prototype low-pass filter parameter. 
In addition, cascading and concatenation of high-pass and band 
stop filters permit realizations of band pass and band stop 
filters respectively (see Figures 3 and 4). 

Weinberg, p. 536, ee out some basic limitations to the 
frequency transformation method: excessive number of components, 
element values widely spread, and susceptibility to parasitics. 

In active filter design considerations, several approaches 
to design have evolved. Tow [Ref. 9] demonstrates the use of 
conventional passive filter synthesis technigues modified to 
effect active realizations. His use of the standard building 
blocks of second-order functions, realized with RC elements 
and operational amplifiers, permits individual tuning and 
eeceacrng blocks to realize the required transfer function 

hecciyt2 in a Series of articles (June 1967 [Ref. 10], Decem- 
Pew oce [Rer., 1), January 1970 [Ref. 12], June 1970 [Ref. 
iweeeane september 1970 (Ref. 14]) postulates the use of negca- 
tive impedance converters (NIC), gyrators, operational ampli- 
fiers, automatic phase-locked loops, and frequency~emphasizing 
networks to implement linear active filters. In Ref. 14 he 
discounts the use of the negative-impedance converter because 
SenacetLecal problems in its realization. Table III, repro- 
duced from page 64 [Ref. 14], gives the characteristics of 
fiwowucdimbedrated Circuits. Moschytz emphasizes that the key 
Pom orlaet1lter design is the high quality and low cost of 
commercially available monolithic, silicon operational ampli- 
fiers. He, page 65 [Ref. 14], notes that "economically 
eomectitive, active filters must employ integrated-circuit- 


processing techniques and, for the sake of filter stability, 
24 





AOI[tyI ssedpueg 
uTeIGQ OF SYTOMZEN HuTpeosen "EC aAnbt4y 





TOTTI ut 









ara SG Plah 16 el a 
SSP g-MOT sseg-ubtyy 
' o 
<M oy <™) ”) 
Idi 








ihe 





<7) 


uTeIGO 





ee 


“ZOARTTI doxs-pueg 


OF SY7OMAIAN HuTyeuseyAZeosueD ° 


<M Y) 


(MC) of 


SEL mie) se 


b oanbTty 


UT 
(mE) a 


= IG ts 
Wey eS 


ZETTAI 


SSC g-MOT 


(mC) o Pq 


ZOIATTA 


sseg-yoty 





26 








*STOATTA SATIOV 
powerbequr prazaqAy FO sOTyASsTzseqZoOeITeYD “III ATEVL 


“due do uo spuadsag y 
“AU PNY JU9IIAd GE 'D.09 0} .0 ‘ayl] seaA-Oz sJUaDIAd G’p 
; “Aupiuny yUadsIad GE ‘9.09 03 OT ‘Oj JeOA-G 3JUaDIAd OE°D p 
“G SES"O “ZHW T 0} ZHY OOT Woody 20g SI jUadIAad G = O/OVY 10} *™{ zHy OT mojag 5 
(OIL) Jind pazyesdajyuI WiNjeyuez zwioMyou OY OIS :dwe do « 
“DYWJOUOLU UODIS JeyUaWIAdK A y 
<SOJON 
“@AISNIOXa Ayjenzniu aq Kew aiay pauoluaw soysuajoeieyd auy m 


Gozeumud 





“SIP puke JORII 
W4 asod 
-ind-jeiseds) ZHW GZ 
Ppoog GP 09-0r 41e4 dey 400d D./%T0> 007 -ZH T'0 vVIdV¥ 
poog °>@P 0S rte de poo) S pS“0-9E°0 006 ZH O0T-0 «doojnjny 
o(dwe do due do 
3uU0) qdoo| 
Poon sng PG pooy pooy POO) = G_~—S pG0-9E"0 902 += ZH OOT-0 ~—-- Burs 
(ojonpul 
(S10}SIS SuUIjeOo}} 
-Ue1} d-u-d Jad 10,e1A38 
e}aq-ydIY 40 suijeos (S}INDI9 
S{J4 anb JO S410}eL jEUOIDIIIPIG 
-aiAew) (pajziodai (peyiodai -A3 OM}) Sapnjoul) 
ed ON) 10N) Ney }UB{J9OXZ_—-GZ-OT 8°0-2'0 006 ZHY¥OGE-0 «ojeiA5 
ASojouyda N/S Pz uO} Ayixajdwog Ayjesian % % 020g aduey odht 
OIH UM ‘aduey -diwinsuog jeuonouny oO 3 unt Aduenb 
Ayiquedwog siweukg 1aMO0g or jo KEW aug 


JEUdIS 


27, 





hybrid integrated circuit techniques must be used." To pro- 
mee enigher—Q filters, he recommends [Ref. 10 and 13] cascading 
of low-Q passive elements to achieve asymptotic behavior with 
Pie wtrequency emphasizing network, an active hybrid circuit, 
Beeviiding the higher -9 response shaping. The use of the 
automatic phase-locked loop in monolithic integrated circuit 
form as a frequency selective filter for a conglomerate of 

FM Signals is discussed in Ref. 14. 

Welling [Ref. 15] describes the use of conventional passive 
transfer function blocks in the input and feedback loops of 
Meereatronal amplifiers to realize active filters. Salerno 
eet. 1G) utilizes state-variable and signal-flow-graph tech- 
niques in filter design with integrators and inverters 
aimee inag a given transfer function. Shepard [Ref. 17] uses 
unity-gain amplifiers with passive R-C filters to realize 
high-stability active filters. Hueisman [Ref. 18] is an 
excellent reference for the theory and design of active RC 
circuits. The Burr-Brown Handbook and Catalog [Ref. 19] and 
Eiewapolication Manual of Philbrick-Nexus [Ref. 20] provide 
pertinent circuits and some discussion of the theory of active 
fa cers: 

The importance of monolithic/hybrid integrated circuit 
filter design utilizing, in many cases, conventional passive 


filter synthesis techniques has been established. 
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Seok okC MONOLITHIC/HYBRID INTEGRATED-CIRCUIT TECHNOLOGY 
CONSIDERATIONS 


iicegrated-—Circuit monolithic technology has advanced to 
the state where phase-locked loops [Gribene & Camenzind 1969], 
retriggerable monostable multivibrators [Gray and Walker 1970, 
Gray, Anderson and Walker 1970], high performance internally- 
compensated operational amplifiers [Fullagar], and analog 
Mieetapliers [Bilotti 1968] have revolutionized filter design. 
Thin-film and thick-film techniques in hybrid technology have 
also permitted the realization of high -Q frequency shaping 
circuits as Moschytz' frequency emphasizing networks [Ref. 13]. 

For the types of elements realizable and expected per- 
formance of monolithic devices, see Table IV, reproduced 
fromm page lll. [Camenzind and Gribene 1969]. For operational 
amplifier dc characteristics see Table V, reproduced from page 
45 [Ref. 12]. Figure 5 summarizes the modes of operation of 
a non-ideal operational amplifier. Desirable characteristics 
for a general purpose operational amplifer include low input 
current, small temperature sensitivity, large current and 
voltage output capability, high cutoff frequency, high slewing 
moto, ehaghn common mode rejection (if differential), relatively 
good stability from power supply variations, high input impe- 
Gance, low output impedance, and high open-loop gain. The 
characteristics of the monolithic technology which lend them- 
selves to relatively easy implementation of junction or metal 
eeede field-effect transistors and junction capacitors for 
non-linear-element use permit implementation of nonlinear 


femrmve filters on a chip. 
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Incorporation of thin-film techniques and several mono- 
Mieetic Chips leads to hybrid circuitry which has the advan- 
tages of wider ranges of component values and reduction of 
parasitic effects, but has the disadvantages of increased 
cost, increased number of bonding operations required, lower 
yield, and less reliability. 

Integrated circuits, in general, have the advantages of 
providing: high density of active elements for a given pack- 
age size, good temperature tracking because of good thermal 
Sempling, close matching of peer sare: consistent topology 
OL devices, and the availability of a large class of non- 
Hiumearities. Some of the disadvantages of integrated circuits 
are: the lack of wide range of component values, limited 
number of devices available, limited power output, sensitivity 
to paraSitics, large absolute value tolerance, and, especially 
femerrltering, the lack of inductors. 

DeeeeoectGN OF HYBRID INTEGRATED-CIRCUIT NONLINEAR ACTIVE 

Pints UlELEIZING FREQUENCY RESPONSE SPECIFICATIONS 

The approach to design that each class of nonlinear filters: 
low-pass, high-class, band-pass, and band-stop will take is 
eae tol lowing: 

MmmEreoiven class Of filter consistent with the general 
frequency response specification will be chosen. An arbitrary 
resistor will be chosen as the parameter a, the nonlinear 
resistance, and the transfer function for the parameter plane 
computer program will be obtained. A preliminary sensitivity 
analysis for each resistor would permit an optimal choice of 


the resistor for the nonlinear resistance. 
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Zeeetme linear R-C operational amplifier filter will be 
constructed utilizing values of components derived from active 
filter synthesis techniques. 

3. The nonlinear resistance characteristic, as a function 
Seerrequency, will be Ber sania experimentally for the partic- 
ular field-effect transistor. Previously the nonlinear-device 
controller will have been programmed to provide the general 
behavior necessary to go from the high-resistance state to the 
low-resistance state as frequency iS increased or vice-versa. 
An a characteristic, experimentally derived, will be obtained. 

4. The a characteristic will then be superimposed on 
the PARTF1l computer analysis Bode plots and the predicted 
frequency response of the nonlinear filter obtained. 

5. The frequency response of the nonlinear filter will 
be measured and compared to the results of 4. In some cases, 
particularly the low-pass filter, additional frequency 
response data will be taken. The principle of superposition 
will be tested by superimposing two frequencies in a specified 
frequency range. The transient response of the filter will 
be monitored. 

Note: It is recognized that the normal approach to design 
would require that the specified frequency response be super- 
imposed on the parameter plane Bode plots first, and then the 
required frequency-dependent nonlinearity obtained. The 
Synthesis approach as set forth here was predicated on 
accepting the nonlinear characteristic available and then pro- 
ceeding with the analysis. It is felt that no loss of the 


applicability of the synthesis technique obtains. 
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III. NONLINEAR DEVICE CONSIDERATIONS 


Pee LNTRODUCTION 

Pecnough monolithic/hybrid integrated circuit technology 
provides the use of NPN/PNP transistors, field effect tran- 
Ssistors, diodes, variable-capacitance diodes, tunnel diodes, 
and other nonlinear devices, only the discrete field-effect 
transistor will be investigated in this thesis. For a com- 
plete description of integrated circuit components available 
with attendant theoretical discussions, see Warner; Lynn, 
Meyer, and Hamilton; Camenzind; and Hibberd. All of the 
above components have potential use as voltage-controlled or 
frequency-dependent nonlinearities for active filters. 

The mutator, an element for transforming a nonlinear 
resistor into a nonlinear inductor or a nonlinear capacitor, 
memeresented in [Ref. 21, Chua, 1968] and [22, Chua, 1969]. The 
gyrator, a member of the mutator family, transforms a nonlinear 
Sapacitor into a nonlinear inductor, or vice-versa. 

In addition, the reflector and scalor [Refs. 21 and 22] 
Peanreerehlecting and Scaling an i-v, $¢-1, or q-v character- 
istic in the plane of consideration. Using these circuits, 

a nonlinear resistor can be transformed into another nonlinear 
resistor, a nonlinear capacitor, or a nonlinear inductor of 


Specified characteristics. 
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B. JUNCTION AND INSULATED GATE PIELD-EFFECT WRN Se oa @ire 

There are two main types of field-effect transistors; the 
junction field-effect transistor (referred to as JFET) and 
the insulated-gate field-effect transistor (referred to as 
IGFET) . The insulated-gate FET is also referred to as the 
eee —oxlcde-Semiconductor FET (MOSFET). For a pictorial 
representation of the junction FET, see Figure 6; the enhance- 
ment IGFET is depicted in Figure 7; the depletion IGFET is 
shown in Figure 8. 

FET's may also be characterized by their mode of operation: 
Type-A-depletion; Type B-depletion/enhancement; and Type. C- 
enhancement only. Figure 9 illustrates the transfer charac- 
teristic of these modes [Motorola Application Note 211A]. 

MiewdOping Of the channel, whether n-type or p-type impvur- 
ey , also causes further classification of FET's. Conventicnal 
methods are used to determine the polarities of terminal 
voltages and currents for an FET; i.e. an n-channel FET has 
Dp! and Ves 
meerve tor the depletion mode. The p-channel FET has 


Positive drain-to-Source voltage, with positive I 


D! and Vas 


positive for the depletion mode or negative for the enhancement 


fegative Grain-to-source voltage, with negative I 


mode. Thorough description of the theory of operation of these 
devices is included in chapter 14, Millman and Halkias [Ref. 
meena in Chapters 9 and 10 in Gray and Searle [Ref. 24]. 

The principle that permits the use of the FET as a voltage- 
dependent nonlinearity is that in the region of operation 


Poros piInci-or: @©ccurs, the drain current varies linearly 
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with drain-source voltage (triode region of operation). The 
electric field produced by the back-biased gate-source junction 
or the electric field across the dielectric between gate and 
channel causes the resistivity of the channel to vary. Thus 
Pepltot of a family of To-Vie curves, with Ves aS a parameter, 
will be a set of straight lines, all passing through the origin; 
in addition, the slope of a particular line will be determined 
by the gate-source voltage. Gosling [Sept. 1965, Ref. 25], 


Beres the value of drain-source resistance as: 


vel 
O 


ss 


ie (Wee AN ay 


where Ro and Me are predetermined constatns and Ves is the 


Mtiee=scource voltage. Equation 14-5, [Ref. 23] cites the 


conductance to be: 


Ty A a 7 ZaweN nu, , 
ais [1-(Vgo/V,)81 (JFET) 
where = = Bench ort ivoltage 
Ves a Gace aro SOUuReCe VOuLtage 
L = length of channel 
Ny = donor density [electrons /cm*] 
W = perpendicular distance to ‘a' 
a= zero drain current channel width 
e = electronic charge 
i = donor mobility 
Area = 2aw, channel area at zero drain current. 
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Reference 24, p. 343, shows, when V ae V for the MOSP EL; 





DS es! 
Rog = WL iL 
S hy ,€ Ves 
where feeeiengti of channel 
W= thickness of oxide layer 


h = width of channel 
¢ = dielectric permittivity of the oxides layer 


= electron mobility 


and for the JFET [Ref. 24, P.- 354] when V <a 


DS Ese 
. WE 
s eG 
Pp 
: 2qu Nha 
where G_=—_-_—~ 
Oo L 
Ny = Ny 


q = electron charge 
h = height of channel 


zero Grain current Ralewlath 


a 


A typical depletion inceiom PEL is thie 2N3819 (n-channel), 
or the 2N3820 (p-channel). Experimental plots of the triode 
region of JFET type 2N3819 are shown in Figure 10. Photographs 
of characteristic curves for eee FET's are shown in 
Figures 11 and 12. Note that at zero gate-source voltage, 
drain current is maximum and that current decreases as gate- 
source voltage is increased, for a given drain-source voltage. 
Note also that the n-channel FET, 2N3819, has greater current 


plow £Or a given Vis/ Yes combination than the 2N3820. 
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Figure 10. 2N3819 Low Level 
Drain Characteristic 
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A typical depletion-type naemiated=cate FET 1s the 3N138. 
Experimental plots of the triode region are shown in Figure 
13. Photographs of operating conditions of the 3N138 are 
shown in Figure 14. 

A typical enhancement-type insulated-gate FET is the 3N172. 
-Low level drain characteristics are shown in Figure 15. Note 
that when Ves is zero little drain current flows and as the 
electric field is enhanced by increasing the gate-source 
voltage the resistivity of the channel is decreased and current 
increases for a given Vps° | 

Some of the advantages of the use of the FET as a nonlinear 
resistor are: the gate, in typical operation, draws no current; 
the mechanism for determining the resistivity is voltage- 
dependent; the FET is amenable to monolithicchybrid integrated 
earcuit technology, the FET 1S a unipolar type device; and the 
mer Mas no offset voltage or current. 

One of the major disadvantages of the use of multiple 
feserete FET's in filter circuits is the poor tracking of para- 
meters between units. A solution to this problem is effected 
by constructing multiple-FET's on a chip, either for monolithic 
or hybrid circuit use. Christensen and Wollesen present state- 
Sieene-art techniques for the solution of this problem. 

Another disadvantage of the FET is the relatively low 


dynamic range of V for linear resistivity. A feedback scheme 


DS 


has been utilized to increase the dynamic range while retaining 


the linear V characteristic desired. Schematic diagrams 


ps’ Ips 


for the conventionally-connected FET and the feed-back-connected 
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are shown in Figures 16 and 17 eee ivaly. A comparison 
Pueene Leedback--cennected FET (Figure 18-2N381) and Figures 
19, 20, 21 and 22-3N138) with the conventionally-connected 
FET (Figure 12-2N3819) and (Figure 14-3N138) should lead to 
the Eiiowing conclusions. For limited Ves in the case of 


the feedback-connected FET, the linearity of the device is 


improved for larger dynamic ranges of V But as the gate- 


Do. 
source voltage continues to increase, quadratic type curva- 
ture is noted (see Figure 21). This, of course, will lead to 
minenic GAistortion in the nonlinear filter circuits. The 

use of field-effect transistor in circuit applications is dis- 


Gmssed thoroughly in Gosling {Sept. 1965-Ref. 25, Ref. 26], 


Morgan, Martin, Neu, and Crawford. 


fee VOLIAGE CONTROLLED ATTENUATORS 
ea) Entroduction 
There are two main types of FET voltage-controlled 
attenuators in use: the first, discussed by Gosling in Ref. 
25, refers to the class of attenuators uSing the triode region 
of remote pinch-off transistors; the second, presented in this 
thesis and elsewhere [RCA Transistor Manual 1969], utilizes 
the transition of resistance from the pre-pinch-off region, 
the region of relatively low resistance, to the post-pinch-off 
region, the region of relatively high resistance. 
eeeeielOde encod On nea VOlLCage—-Controlled Attenuator 
Gosling, et al., make use of the linear Ing7Ype 
characteristics obtained in the triode region of FET operation. 


He cites the useful range of Rpg to be no more than a 10:1 


ratio, and approximates the value of Rys to be Ros = Ro exp 
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(Vag) » where A and Ro are constants. He derives a relation- 


ship for the attenuation factor A, *o be 


E out A a = &xP (do) 

E in l+exp (4) 
2 

where > = Mes flog. ——. -« 
or 


The schematic diagram of the basic attenuator is shown Lea 
Figure 23. He determines the ratio of maximum attenuation 


factor, Amax, to minimum attenuation factor, A min, to be 


A max _ m 
A min 1+ (m-1) Amin 


where m ratio of maximum to minimum drain-source resistance. 
Figures 24 and 25, reproduced from [Ref. 25, p. 115], demon- 
strate the operation of the attenuator for varying series 
resistance size and harmonic distortion effects respectively. 

The advantages of this type of attenuator are small 
Signal distortion due to pinch-off Pealisttion anGd-a nearly 
linear relationship between attenuation factor, A, and control 
VoLLage . 

The disadvantages of this type of voltage-controlled 
attenuator are the range of the attenuation ratio is limited, 
the gate-source voltage (control) is limited in range, and 
the drain-source voltage range is limited. 

3. Feedback-Connected FET Voltage-Controlled Attenuators 

The use of the feedback-connected FET xesuits in a 
larger dynamic range of Vos and Rys> For a series resistance 


of 100 kn, the input voltage to the attenuator was varied from 
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Beogemy — 3v rms. The plots of attenuation versus control gate- 
source voltage, are shown in Figure 26. The attenuator 
schematic is shown in Figure 27 together with the pertinent 
formulae. Table VI summarizes the range of Rys for the FET 
for a 3v rms input. | 

The feedback-connected FET voltage attenuator operation 
is shown for varying frequencies of operation at 780 mv input 
in Figure 28. 

The effect of change in series resistance is shown for 
Rs = 20k and Rs = 100k in Figure 29. As in Gosling [Ref. 
25], the effect of series resistance changes is most Net Cce= 
able at low values of gate-source voltage. 

In each of the three families of curves shown in 
Figures 26, 28, and 29, noticeable harmonic distortion was 
Observed in the -6v < Ves - 4y region of gate-source voltage. 
The amount of distortion was not measured. In each case, the 
improvement over conventionally-connected FET's in the dynamic 
ranges of Vos! Ros: and Ves operation was noted. The improve- 
ment in linearity can be observed in Figure 19. 

4. MOSFET Voltage-Controlled Attenuators 

Figure 30 shows the schematic of the MOSFET, conven- 
tionally-connected, voltage-controlled attenuator. Figures 
mie 32, and 33 characterize the MOSFET voltage-controlled 
attenuator, and Table VII summarizes attenuation factors and 
values of Ros available with this configuration. It can be 


seen that the MOSFET has more change in the attenuation 
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Figure 26. 3N138, Feedback-Connected, Voltage-Controlled 
Attenuator Characteristics, Input Voltage 
is the parameter. 
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Figure 27. 3N138, Feedback-Connected, 
Voltage-Controlled Attenuator Gisei 
Schematic. 
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Figure 28. 3N138, Feedback-Connected, Voltage-Controlled 
Recomm om@Cnaracteristics, Input Frequency 
is the parameter. 


‘x, denoues 400 Hz Input frequency. 
'O!' denotes 5000 Hz Input Frequency. 
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Figure 29. 3N138, Feedback-Connected, Voltage-Controlled 
Attenuator Characteristics, Series Resistance 
is the parameter. 
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Figure 30. 3N138, Conventionally-Connected, 
Voltage-Controlled Attenuator 
Circuit Schematic. 
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megure 31. 3N138, Convenuememcl |, -conmmected, Voltage- 
E Gontroliea Attenuator Characteristics, Input 
Voltage is the parameter. 
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Figure 32. 3N138, Conventionally—-Connected, Voltage- 
Controlled Attenuator Characteristics. Input 
Frequency is a parameter. 
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magure 33. 


mecenuation 


3N138, Conventionally-Connected, Voltage- 


Controlled Attenuator Characteristic. Series 
Resistance is the parameter. 
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TABLE VII. Attenuation Factors and Resistance (Ryo) Values 
for 3N138 (Conventionally-connected) Voltage- 


Controlled Attenuator. 
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a 


characteristic for high gate-to-source voltage then the feed- 
back-connected MOSFET. At gate voltages in the region of -3 
to -4v, negative clipping of the Signal was noted. No other 
distortion effects were observed, however. The MOSFET atten- 
uator is relatively insensitive to V 


although Vp SELeCCctS 


DS~ S 
the pinch-off voltage level. The magnitude of series resis- 
tance effects the pinch-off voltage value as well as the zero 
gate-source voltage Ros values. Harmonic distortion was not 
measured but no anomalies, other than negative peak clipping 
for certain gate-source voltages, were noted in the waveshape 
of the signal. 

A comparison of the drain-ssurce resistance as a 
Pumcteion of gate-source voltage for the MOSFET and feedback- 
connected MOSFET erase teontrolied attenuator can be obtained 
by pee inG to Figures 34 and 35. It can be seen that neither 


configuration has a linear R characteristic; neither has a 


DS 
normalized logarithmic characteristic. Ranges of values of 
Ry expected for feedback-connected MOSFET attenuators range 
Peem 200-6/5kn. For the conventionally-connected MOSFET 
attenuator the range of Ros ome moOmecwe o—oUOk a 2. 

5. JFET Voltage-Controlled Attenuators 


Figure 36 characterizes the attenuation factor 


Sianacterigcere for a 2N3819 JFET voltage-controlled attenuator. 


Dee EREQUENCY DEPENDENT ATTENUATORS 

~ In order to use the parameter plane computer analysis 
techniques for nonlinear active filter synthesis, one must 
have an experimentally-derived frequency-dependent alpha(w). 


This character will then be superimposed on the a-family Bode 
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plots generated by the parameter plane computer programs 
yielding the frequency response of the nonlinear active filter. 
This a-characteristic 1S measured by operating the FET in 
series with a known resistance; simultaneously, the gate-source 
Voltage, and hence Rog? is provided by the nonlinear controller 
~which is essentially a frequency diScriminator. The schematic 
of the test circuit 1s shown in Figure 37. By definition this 
is a frequency-dependent FET attenuator, since the attenuation 
factor 1s measured for a given frequency input. Low-pass and 
high-pass characteristics are easily provided by one FET and 
its associated controller. For a band-pass or bhand-stop 
characteristics, cascading or concatenation of Righ-pass and 
low-pass filters, as previously discussed, may be utilized. 


To introduce the parameter plane analysis techniques; let 


a= Ryo, where Rng = g(f(w He) ye Then the transfer function 


for the parameter plane analysis becomes: 


a (w) 


IT(ju) | = San cee 
S 


The parameter plane solution yields a family of Bode plots 
drawn for a specified set of a's; the specified frequency 
response superimposed on those curves permits specifications 
of the frequency-dependent nonlinear resistance, or alterna- 
tively and equivalently, superimposition of the frequency- 
dependent nonlinear resistance characteristic provides 
immediately the frequency response of the attenuator. 

A slide-rule and computer analytical solution of the low- 


pasS attenuator case leads to the curves depicted in Figures 
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Figure 37. Frequency-Dependent FET Attenuator 
Gieeult Schematic. 
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38 and 39 respectively. The desired frequency response 
Characteristic was obtained by measuring the particular FET 
and controller attenuation-factor as a function af frequency. 
Superimposing the a-characteristic on the Bode plots led 
immediately to the frequency response shown. 

Four different combinations of FET's and controllers 
manifested themselves in the low-pass characteristic of 
Figures 40, 41, and 42; the high-pass case is shown in Figure 
43. The controller used for the filters shown in Figures 39, 
40, 41, and 42, is the phase shift peechonnes SUS oil gts sone 
discussed in III-B below. The controller used for the 
attenuator in Figure 43 is the filter-discriminator discussed 
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Figure 38. Slide Rule Analytic Solution for Para- 


meter Plane Frequency—Dependent Attenuator 
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Figure 40. 2N3819 Low-Pass Frequency-Dependent 
Attenuator Characteristic. 
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Figure 41. 3N141 Low-Pass Frequency-Dependent 
Attenuator Characteristic. 
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Figure 42. 3N141 Low-Pass Frequency-Dependent 
Attenuatom elaracteristic. 
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3N141 High-Pass Frequency- 
Dependent Attenuator Characteristic. 
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IV. NONLINEAR DEVICE CONTROLLER 


ma 6 LNITRODUCTION 

To control a nonlinear element or device usually requires 
either a prescribed voltage or current whose values are 
determined by another varying parameter. For instance, to 
produce a frequency-dependent nonlinear resistance, one could 
use a field-effect transistor whose gate-source d-c control 
voltage is obtained from a frequency discriminator (see Figure 
44 for the basic block diagram). Ox, to produce a nonlinear 
capacitance which is a function of some designated voltage, 
one could use a back-biased p-n junction, i.e. a varactor, 
in conjunction with the nonlinear device control voltage 
obtained from a voltage comparator. Chua, [{Refs. 21 and 22] 
provides a complete description of the ramifications of the 
nonlinear element control realizations. 

To be suitable for nonlinear active filter use, the 
nonlinear element controller should be capable of: (1) wide 
frequency range utilization; (2) large dynamic range of voltage/ 
current invuts; (3) minimal parasitic effects; and (4) amen- 
aoelity to monolithic/hybrid integrated circuit construction 
Ree nndcues. If the controller cannot produce the required 
control values as a prescribed function of the varying para- 
meter, the nonlinear element values will not be consistent 


with design specifications. Thus, the superimposition of the 
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Specified nonlinear element locus on the parameter plane curves 
would not permit accurate prediction of the frequency response 
of the nonlinear active filter. The following paragraphs 
describe three physical realizations of the frequency-depencent 
nonlinear resistance controller. Tne discussion will emphasize 
-the advantages and limitations of each design in terms of the 


criteria set forth in this paragraph. 


BreeerHAcE SHIFT DISCRIMINATOR 

The phase shift discriminator as a frequency-sensitive 
nonlinear device controller is achieved by having a phase- 
shift amplifier in cascade with a dc-chopper phase-sensitive 
Circuit. In the phase-sensitive amplifer the amount of phase 
Boeee ts proportional to the incoming frequency; the dc-chopper 
circuit produces a dc voltage proportional to the phase differ- 
ence between the output of the phase-shifter amplifier and 
the incoming signal. Figure 45 illustrates the basic block 
diagram of the phase shift discriminator controller, and 
Figure 46 shows the schematic of a typical realization of this 
discriminator [Delpeck 1966]. 

The experimental phase response of the phase-shifter is 
shown in Figure 47 and can be compared to a linear ac analysis 


‘simulation computed by using the IBM 360 ECAP program with 





The discriminator characteristics are plotted in Figures 


48, 49, and 50. The following conclusions may be noted: 
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Peedi scriminaror does not provide a linear output as a 
function of frequency: (2) the frequency range of the discrim- 
inator is limited: (3) the output characteristic is affected 
by the amplitude of the incoming signal: (4) the output voltage 
is pens itive fo component value changes; and (5) the amplitude 
—-@f—the d-c output voltage is small when compared to the input 
voltage, i.e. the conversion gain is small. 

The phase shift discriminator is amenable to monolithic/ 
hybrid integrated circuit construction techniques. The phase 


shift discriminator provides a "floating" output across the 
output capacitance, however. AC grounding by nee S of a large 
filter capacitor was attempted and found useful, but because 
of this disadvantage, its lack of linearity, its low output 
voltage, and other previously mentioned disadvantages, this 


discriminator was not chosen as the frequency-selective non- 


linear device controller. 


FIGURE 45. Block Diagram of Phase Sensitive Discriminator 
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Figure 48. Phase Sensitive Discriminator Characteristic 
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Ptguremron, Filase Sensitive Discriminator Characteristic 
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C. RETRIGGERABLE MONOSTABLE MULTIVIBRATOR/INTEGRATOR 
ii-euctrtggerable monostable multivibrator/integrator is 
available as an integrated circuit package (Fairchild part 
number 9601). It has the typical advantages of integrated 
circuit technology; ee principal disadvantage is that it 
requires at least a two-volt signal into a fifty-ohm load. 
This input current requirement loads the output of most conven- 
tional operational amplifier voltage followers, requiring the 
use of a booster transistor in the feedback loop of the op-amp 
follower. The 9601 has the inherent reliability of binary 
circuitry. Requiring a few peripheral components to determine 
the frequency range of operation, this discriminator has 
excellent Jinearity. In addition, since the 9601 requires a 
square-wave input, analog signals must be passed through 
limiting stages to provide the requisite input waveshape. 

The basic block diagram of the retriggerable monostable 
multivibrator/integrator as a frequency~ selective nonlinear 
voltage control is shown in Figure 51. The basic block diagram 
of the integrated-circuit one-shot (9601) is given in Figure 
52. The circuit schematic of che 9601 as a frequency 
MescEpmiinicator 1S Shown in Figure 53. [Fairchild IC Catalog 
m7 0 |. 

The low-pass network R2-C2 filters the output of the 9601; 
the controller produces a linear output voltage curve propor- 
tional to frequency over a range and at a sensitivity set by 


the Rx-Cx network. Figure 54 demonstrates the high quality of 
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«a 


linearity available. The selection of frequency range and 
output voltage sensitivity is determined by the Rx-Cx time- 
constant. Clearly this controller is amenable to integrateé 
Bireuit/hybrid technology; this factor, combined with its 
excellent linearity, wide frequency r@mge and excellent output 
voltage sensitivity, make it very attractive as a frequency- 
selective nonlinear device controller. 

The requirement for a 2-3 volt square-wave signal into a 
50-ohm load makes additional circuitry necessary. In addition, 
when preceeded by a hard limiter, as required for changing 
the analog signal to the requisite square wave input, the 
controller provides consistent output voltages over a wide 


range of input voltages (26 mv-l0Ov). 


BeeeesciivVE FILTER DISCRIMINATOR 
A simple scheme, relatively easy to implement in monolithic/ 
hybrid integrated-circuit technology is the use of either a 
high-pass or a low-pass filter, half-wave rectifier, and low- 
pass filter to provide a d-c output voltage versus frequency, 
in the range of frequencies of interest. The filter is oper- 
Peeceon the skirt of the filter response, where the rate of 
change of output voltage as a function of frequency can be 
set by the number of poles in the filter. The frequency range 
is determined by the cutoff frequency of the filter and the 
order of the filter. A simplified block diagram of this 
—system is shown in Figure 55. The output voltage of the filter 


discriminator may then be combined with a bias voltage or 
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Other logic voltage to produce the required control valtage 
as a function of frequency (see Figure 56 for examples). The 
bias voltage was determined for the particular device chosen, 
in this case for a field-effect transistor. 

This controller has the advantage of system simplicity but 
requires additional components, readily available with 
monolithic/hybrid integrated circuit technology. It has 
adaptability in that the filter shaving can take any form 
consistent with realization of linear active filters. Further 
flexibility is achieved by the summer circuit. The controller's 
principal disadvantage is its amplitude dependence, l.e.. the 
output voltage is also determined by the amolitude of the 
feenal input. This effect could be reduced by the use of AGC 
ere limiting. Neither was serled, 

Since an R-c pi-filter was chosen to smooth the output 
from the half-wave rectifier, one would assume the output 
meltage to be affected by the load. Figure 57 shows the effect 
mmliGacding On the output characteristic. This is not 
considered to be a limitation as it is expected that the input 
impedance of the summer will remain relatively constant as a 
minctelom Of frequency. 

Figure 58 shows the effect of a d-c bias voltage; it is 
possible with this control device and the filter characteristic 


to realize any voltage-frequency relationship desired. 
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Figure 57. Filter Discriminator, 
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Figure 58. Filter Discriminator Characteristic 
Voltage is the parameter. 
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V. ANALYTIC AND EXPERIMENTAL DESIGN 
OF HYBRID NONLINEAR ACTIVE FILTERS 
A. LOW-PASS FILTER 
1. Beginning with the transfer function of a second-order 


system for a low-pass filter, 


F(s) = ——+—_—___ r 
Wo tZCyo S + S 
in rm 


and normalizing by setting v= 1 and 25 = a, results in 


F(s) = : 5 


Ea ers) aes : 

It can be seen from the possible pole locations of the 
quadratic denominator in the transfer function that the filter 
_could be realized by an R-C ladder or a series L-R-C arrange- 
ment. Typical passive filter configurations are shown in 
Figures 59 and 60. 

2. Active filter realizations for the low-pass frequency 
characteristic take many forms. Figure 61 shows a second- 
order active Rauch filter [Foster]. This was the linear 
filter chosen for the synthesis of an active nonlinear filter. 
The Butterworth second-order low-pass characteristic was 
selected. Normalized values of Cy = 2.12132 farads and Co = 
0.47140 farads were extracted from Table II in Foster. 
Choosing a roll-off frequency of fc = 1IkHz resulted in resis- 
tance values of 47.0 kn. The circled numbers in Figure 6l 


refer to the connection points for the nonlinear resistance. 
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Figure 59. lLow-Pass Filter, RC Ladder. 
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Eroqune 60.  Low-Pass Filter, L-R-C Series Circuit. 





a aa 
C 
vo 1 V 
aio! Oo 
1 
in SéL,C,tsR,C,+1 


108 








F.(S) = = 


3S 
We 8 8 8 
R, RoR,C,C,S°+[(R,R,+R, R,+R,R,)C,]15+R, 
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Measurements of the frequency response of the linear 
filter are shown in Figures 62a and 62b. TkKe -J5db level was 
chosen so that larger values of voltage would not be across 
the FET-~nonlinear resistor, which will be R, in the synthesis 
of the nonlinear Pilea 

The transient response of the linear active filter is 
portrayed by the photographs shown in Figure 63.. The test 
Signal was a 20-hertz square wave, the amplitude of the signal 
was + 1.0v and the horizontal setting of the ascilloscope was 
set at four milliseconds per centimeter. The vertical 
sensitivity of the oscilloscope was set at 0.5 volts per 
centimeter. 

A small rise time, approximately 300-400 us, is noted with 
less than 10% overshoot. A small amount of low-frequency 
distortion is also noted but appears to be less than the input 
low-frequency distortion. 

3. With R, set equal to a and normalized values of the 
other components substituted in the transfer function, the 


parameter plane transfer function F_ (S) becomes 
=) 


Lol Ge 
Beko) = => 7, a0 a ae 
aS“+(0.94280a+0.47140)S+1.0 


Note. that this normalization will permit the parameter plane 
curves to be read directly in hertz. The normalized values 
of components are: Cy = 2.12132 farads, C, = 0.47140 farads, 


R, = R. = 1 ohm, and R3 = a. 
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Measurements of the frequency response of the linear 
filter are shown in Figures 62a and 62b.. The —l5db level was 
chosen so that larger values of voltage would not be across 
the FET-nonlinear resistor, which will be Ry. in the synthesis 
of the nonlinear ee 

The transient response of the linear active filter is 
portrayed by the photographs shown in Figure 63.. The test 
Signal was a 20-hertz square wave, the amplitude of the signal 
Boe and the hortaomtal setting qf the oscilloscope was 
set at four milliseconds per centimeter. The vertical 
sensitivity of the oscilloscope was set at 0.5 volts per 
centimeter. 

A small rise time, approximately 300-400 us, is noted with 
less than 10% overshoot. A small amount of low-frequency 
distortion is also noted but appears to be less than the input 
low-frequency distortion. 

Bee With R, set equal to a and normalized values of the 
other components substituted in the transfer function, the 
parameter plane transfer function F_ (S) becomes 


J 


(Ss). = Ot 
aS“+(0.94280a+0.47140)S+1.0 


Note. that this normalization will permit the parameter plane 
curves to be read directly in hertz. The normalized values 
of.components are: C. = 2.12132 farads, © 


i a 


Ry = R. = ] ohm, and R = @. 


= 0.47140 farads, 
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Values of a to be displayed on the parameter plane Bode 
plots were chosen from Table VIII (the FET nonlinear fregquency- 
dependent a-characteristic). 

The physical configuration of the frequency-dependent 
nonlinear resistor is shown in Figure 64. (Note that Figure 
bemcees, NOt Show the feedback resistors used in the FET). 

The test circuit and pertinent formulae for calibrating the 
frequency dependent nonlinear resistor are shown in Figure 
65. The voltage-divider R, - R, was used to keep the voltage 
across the FET at -15.2db (345 mv) at 200 HZ. a values for 
the parameter plane analysis are shown as a* in Table VIII. 
The effects of the series capacitor, Cys and the feedback 
network R,/R, are ignored. Figure 66 shows the frequency- 
dependent attenuation factor, A, as a function of frequency. 
The FET used was the feedback-configured n-channel JFET, 
ZNeo19 . 

Parameter plane curves are shown in Figure 67 with the 
a-characteristic superimposed on the family of Bode curves. 
The experimental measurements of the nonlinear active filter 
are shown in Figure 68 plotted with x's, and the parameter 
plane values plotted with dots. Note that the parameter plane 
values were translated from Odb to -15.2 db at 200 Hy by 
adding -13.792 db to all parameter plane analytic results. 

The parameter plane analysis program is a linear analysis tool 
and a rescaling of the driving voltage will. not effect the 
plots except to translate them up or down. The tabular data 


are summarized in Table IX. Figure 69 contains four photographs 
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TABLE VIII. Low-Pass Nonlinear Filter a-Characteristic 
Tabular Data 


f (Hz) cli) A/20 Req (xn) O a* (Values 
ee ere IE 
100 1S 0.76 40319.7 0.8578 100 
200 15.1 0.755 41855.1 0.8905 
600 ILS 5a 0.755 41855.1 0.8905 0.85 
700 15.2 0.76 40319.7 0.8578 
800 15.2 0.76 40319.7 0.8578 
900 LS 0.76 40319.7 0.8578 
1000 15.4 Dewy 37519.1 0.7983 0.79 
1100 16.3 0.815 28143.3 0.599 0.59 
1200 18.2 0.91 17364.1 0.3694 0.36 
1300 is 1.065 9457.04 0.2012 0.20 
1400 26.5 1.325 3595.8 0.07650 0.07 
1500 32.5 1.625 1894.8 0.0403 0.04 
1600 36.2 1 Sil 1194.6 0.0254 Geo2 
1700 39.2 1.96 829.9 OO 
1800 40.8 2.04 685. 0.0146 
1900 42.0 Die 593.8 0.0126 0.01 
2000 43.0 7 ALS 527.3 Gone 
3000 46.2 Desi 361.6 0.00769 
4000 46.5 2.325 349.1 0.00742 
5000 46.5 2.325 
6000 46.5 2.325 
7000 46.5 | 
10000 46.5 


ES) 





Figure 64. Physical Configuration of Frequency-Dependent 
Nonlinear Resistor. 


on-Linear 





£ ontroller 
47K 
a) bo) | ts 
S D 10ufds 
47K 


Figure 65. a-Characteristic Test Circuit with 
Pertinent Formulae 
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Figure 68. Nonlinear Active Low 
Response Characteristics (Exp 
Plane Predictions). 
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TABLE IX. Low-Pass Nonlinear Filter Frequency 


Response Data 


—.“(pB)—“(i‘é”#OTYansSidated (DB) (DB) Ex- 
Beeg. (HZ) Parameter Plane Palace: pLanew. perpamental 
100 -1.408 -i> 220 = 15.20 
200 -1.403 — S20 dbs) AG, 

300 -1.406 -15-20 ee 
400 i 3G —9 322 =15..40 
500 a8, be = 157,50 
600 aL a0 0 ells) 8 = oO 
700 = 2:45, 9 =e sie, 8 
800 05 5 SNS) —] G4 =1'6 330 
900 = 100 — Gree eo 0 
1000 -3.90 =o Slices 8 
1100 =6..10 mele) 6 2/0, L920 
1200 =9°-50 SB 53) EP AAO) 
1300 oreo 58) 9) 2 SINS A S10 
1400 OAS ee = 353) G OLS =) GA, 
1500 —29 60) Se PS -44.0 
1600 Siar ell, —19°.59 Ao 5 
1900 =H SION. Or) o =) 6 2 
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of the output of the nonlinear filter for specified Sinusoidal 
frequency inputs. Noticeable harmonic Gistertron is evident 
in photograpns 3 and 4. 

The test for superposition was conducted in two ways: the 
first used just two frequencies, 800 HZ and 1000HZ; the second, 
a modification of the first, used two frequencies at a time 
and consisted of a series of bi-frequency measurements. In 
the first case all detectable harmonic and subharmonics were 
recorded. In the second, all frequencies above a selected 
threshold value, 35db below selected signal input level, were 
recorded. 

The first test was intended to reveal a region of the 
filter operation: which would be near the ine elatlenmenr 8 cic 
nonlinear region behavior of the FET (a 7% change ina). If 
the principles of homogeneity and superposition applied in 
this narrow region, then it was planned to use a wider 
separation between the two frequencies. 

Table X summarizes the measurements taken in the first 
case. It can be seen that there are substantial numbers of 
new frequencies introduced. As expected from nonlinear 
behavior; the sum, difference, second harmonic of 800 Hy 
second harmonic of the difference frequency (27>) ete. lave 
substantial amplitudes with respect to the amplitudes of the 
inputs. 

Homogeneity and superposition did not obtain. The relative 


magnitudes of the two signals were approximately what could 


23 


TABLE X. Test One for Superposition of Two 
Sinusoids in Nonlinear Active Low-Pass 
Filter Case (Input Frequencies are 
800 Hz (Odb) and 100 Hz (Odb). 
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Freq. (Hz) iyorehe [((6)e)), nee athe — 1Yetoy), 

Woe.) a =f) Bn 7 
SesCeme — -—---- 23+, 0 

800 Oro 5) 
1000 0) ale = Tl0 
1 2S siete SA 
Pee  ——--- = 275) 08 
[ewe OO = 3a 5 
2148 S57) ate crept res: 
2410 OO ae eee 
aao0o  0UmUmlCCCt—“—CS -32.3 
B22 2 S155 65 5555 
POS -34.5 
eee UCU -42.5 
bvezea, 4  . +----- 740.52 
Meee =4629 
Wai os 
oom | 2 2 2 oe m46.9 
eee 060C0CmCmCmC™UCUCUO SOS 
SCORN i ©«§ -—-==- 13) sy 
Soom -==== aay ay 
BieeGmes === "= -54.8 
SECS) chara al oh 4 
617200 ees B02 ce 
COs 0 mere 
oom ) «= ==S- -62.5 
Some 2 OC eo ais) 
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Deweredicted from the response curve, i.e. the 800 Hz output 
is 2db higher than the 1000 Hz output. Photographs of the 
input and output waveform for test one are shown in Figure 
70. 

Test two was cmbenlad to examine sections of the frequency 
response of the filter in a consecutive manner by investigating 
Eiemoperation of the filter in each small region and comparing 
results of adjacent regions. To improve the correlation of 
comparison of adjacent regions, one frequency will belong to 
both subregions. 

Data are tabulated in Table XI. In the first three sub- 
sections the operation 1s nearly linear. There are no 
Significant harmonics or subharmonics generated. The output 
of the filter nearly satisfies superposition and homogeneity 
in that the data are very close to values predicted from the 
Single sinusoidal frequency response curve. [In addition, 
adjacent sub-regions do not show an appreciable shift in 
operation for the common freguency of the contiguous sub- 
regions. In this region the FET is observed to be operating 
in the high~resistance state, the post-pinch-off region (see 
Table VIII). 

TiemameneqHens 4,5, 6, and 7 all show shifts of operation 
from one sub-region to the next. Difference in the readings 
for a common frequency dependent upon sub-region of operation 
are observed. The increase in harmonic content for subregions 


4 and 5 is observed. In subregion 4 and 5 there are 
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TABLE Xi. Test Two for Superposition of Two Sinusoids 
in Nonlinear Active Low-Pass Filter Case. 


Input to Nonlinear CUEDPUrsoter1 iter 
Subregion l Pacer, > -40db 
Freq (Hz) (ab) 

100 IIS 3 & ALS) 6) 

400 Sie S15 510, 
ne 
Subregion 2 
Freg (hz) 

400 alesis: aay Age: 

G15 ad les 5. -16.6 
rn 
Subregion 3 
SE) ee 

615 i Lis) Axe —l6n3 

806 aI -18.0 
ne 
Subregion 4 
Emer 

808 -15.3 -20.0 

HOS 15.3 -21.3 

604 te S25) 60 

P0on | -"-""7 -46.8 

wae ClClCCCCC—“‘“‘i -47.0 

MeO  00OCUmUmUmCmCCCOC—C—OSOOO -44.0 
Memo 2 OO -44.0 
L221 ieee -41.2 
210 2 area i 
nn 
Subregion 5 
Freg (HZ) 0 
OZ) see -25.2 
EO Z S18) -25.5 
94 ene | = 3020 
Some )060CUlCt—iS -46.3 
msc. © ~~ -77 -48.0 
BOoOmeee 9 TTT -47.6 
2112 | eden -40.6 
POS 8 -48.0 
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TABLE XI. (Cont) 


Subregion 6 Input to Nonlinear Output of Filter 


Beeq (Hz) Filter (db) > -40db 





1108 -15.2 ~43.2 

1400 -15.3 -43.8 
Subregion 7 
meeg (Hz) See ee 

1405 -15.2 -58.2 

2000 -15.2 -59.5 
Subregion 8 j 
Boeq (Hz) 

2000 -15.3 -63.0 

4029 = Sa3 -67.2 


—_—— eee 
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substantial changes in Ros at Sian cteomeescgnal levels. This 
is the region where the FET is switching from the high-resis- 
meamee State of the post-pinch-off region to the low resistance 
state of the pre-pinch-off region. 

The transient response photographs for the nonlinear filter 
are included in Figure 71. The 20Hz square wave caused the 
filter discriminator nonlinear-device controller to produce 
-2.5v of bias for Ves which put the FET in the low-resistance 
state, accounting for the diminished signal output. Increased 
Wow-Lrequency distortion is Leervedt There is curvature on 
the tops of the square waves which indicates nonlinear behavior, 
j.e. the Fourier series sum in the input is distorted resulting 
in a non-square output. 


Figure 72 shows the block diagram of the test circuit used 


in superposition tests one and two. 


B. THE HIGH-PASS FILTER 
1. Considering a second-order system with transfer function 


5? 
DS) fee 


et OS yt 57 
the filter can be realized for passive circuits by an R-C 
ladder or a series R-L-C circuit (see Figures 73 and 74). 
2. The Butterworth active high pass filter can be realized 
by the circuit shown in Figure 75. For the Butterworth 
approximation 


Z 
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H(s) = ———~———_—_ 
s° + 1.4145 + l 
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tercine 73. High—-Pass Filter, R-C Ladder. 
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Figure 75. High Pass Active Filter. 
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ae ‘ 
where Cy - Co = ] farad, Ry = ¥ 2 ohms; and Ro = ¥ 2 ohms. 
The filter was chosen to have a 3db roll-off frequency of 
1KHZ. Choosing Cy = Co = 0.022 utds ted to values of Ry = 5 ka, 


and Ro = 10 k. A wuA741C internally-compensated operational 


Pe iitier was chosen for the unity-gain amplifer. The Bode 
Blotetor the linear high-pass Butterworth active filter is 
shown in Figure 76. The high-frequency roll-off starting at 
f = 10kHZ is due to the internal compensation of the 
operational amplifier. 

3. The parameter plane transfex function was derived by 
selecting R, as the nonlinear resistance. The transfer 
eumetion for this configuration is: 

2 


S 
nee + 1.5V72 s + v2. 





H(s) = 


The parameter plane Bode plots are shown im eigure. 77. the 
range of a values was chosen from the frequency-dependent 
ao-characteristic in Figure 78. The test circuit for measuring 
the a-characteristic with pertinent formulae are shown in 
Figure 79. The a-characteristic data are tabulated in Table 
XII. The frequency response plots for the high-pass filter 
are shown in Figure 80. The parameter plane predicted values 
are plotted in dots; the experimental values for the nonlinear 
case are plotted in X's. Table XIII Summarizes the frequency 
response data for the two cases. Harmonic distortion 
measurements were made and the data are given in eaves Oram 


in Table XIV. 
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Hegre: 76. Linear Active High—Pass 
Response (Example 1). 
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Figure 77. High-Pass Active Filter Parameter Plane 
Curves (Example 1). 
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Figure 79. a-Characteristic Test Giseaibolie 
(Example 1). 


an 





2N3820 


Ros VS) 


Rygtl00k Vie 5) 


1972/29 


Ajies Oa 
Vame(S)) 


1n 


Attenuation Factor 


10” 


Dee 200-1 


a = Ros in parallel 10k 


me OY 2 
N 10k 


138 


TABLE XII. High-Pass Nonlinear Filter a-Characteristic 
Pawieicie Data 





(az) A(@b) (-Al20) —-R. (ohms) a | Oy oe 

100 -46.5(2.325) 475.4 453.8 0.06417 

200 -46.5(2.325) 475.4 453.8 0.06417 

500 -46.5(2.325) 475.4 453.8 0.06417 1 

750 -45.5(2.275) 533.7 506.67 0.0716 2 
1000 -42.5(2.125) 755.56 702.48 0.09935 3 
1100 -40.5(2.025) 953.06 870.13 0.12305 4 
1200 -37.0(1.85) 1432.78 1253.2 0.177229 5 
1300 -30.0(1.5) 3265.54 2461.7 0.34813 6 
1400 -16.2(0.81) 18326.624 6469.7 0.9149 7 
1500 - 9.2(0.46)  53077.6 8414.6 1.1900 g 
1600 - 8.0(0.40) 66142.5 8686.6 1.22847 
1800 - 7.5(0.375)  72919.6 8794.0 1.2436 9 
2000 - 7.5(0.375)  72919.6 8794.0 1.2436 

3000 - 8.0(0.400)  66142.5 8686.6 

4000 - 9.0(0.45) 54993.9 8461.4 1.197 

1.414 10 
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Figure 80. High-Pass Nonlinear Active Filter Fre- 
quency Response Characteristic (Experimental and 
Parameter-Plane Predictions). Example l. 
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TABLE XIII. High-Pass Nonlinear Filter Frequency 
Response Data. 


Frequency (Hz) Parameter Plane Freq. Response 


(db) Experimental (db) 
100 =O 6 -64.5 
200 = 5160) =D 
500 -41.5 -40.5 
750 = 5 ot! =5o.0 
1000 = 2 iene 718) 8) 
HEE = PASS 10 5) (0) 
1200 =e S18 GS 
1300 —143.5 = 258 
1400 = oO = oro 0) 
1500 = 85 le = Sy A180 
1600 = 0) =e a0) 
1800 a2. 02 - 2.50 
2000 mths 7/10, =) 27,50 
2500 = I 30 = We Ss) 
3000 Ona) ane ellie) 
4000 = Oo 80 = 130 
6000 = (05 tc40 oe te 
8000 - 0.80 - 0.80 
10000 - 0.80 = 0 57818 
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tap iGkextv’<, Harmonic Distortion of High-Pass 
Filters (Linear and Nonlinear) 
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8000 30 ao ae 3315165) 
8500 =24.5 S75 5S =e = 0 
9000 5) — 5455 = 6115) 10) 
9500 (725.5 SAS 6 8 =28.5 
10000 CaS 5 dao -37.0 
10500 = 75, 55) ere) a3) 8 
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4. <A second example of a high-pass nonlinear filter was 
conducted to investigate the effect of the feedback-connected 
FET 2N3819 nonlinear resistance and the introduction of a 
voltage follower in the input circuit of the filter. 

The same type of linear high-pass filter with the same 
values of components was used as was used in the first example 
of the high pass filter. A voltage follower was added in 
cascade as shown in Figure 81. The frequency response 
obtained with this configuration is plotted in Figure 82 and 
can be compared to Figure 76. | 

The FET a-characteristic 1s depicted in Figure 84. Tabular 
data for the a-characteristic are summarized in Table XV. 

Figure 85 depicts the experimentally-derived frequency 
response plotted in X's; the parameter plane frequency specifi- 
eaetomeis plotted in ' - ' 's for comparison. Again close 
agreement is noted. Tabular Data for frequency response 


measurements and specification are summarized in Table XVI. 
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Figure 81. High-Pass Linear Filter (Example 2). 





Figure 83. Frequency Dependent a-Characteristic 


Test Circuit with Appropriate Formulae (Example 2). 
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Figure 82. Linear Active High-Pass Filter Frequency 


Response Characteristic (Example ae Ve = = 15db 


(Gdbu==2./ Sv). 
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Figure 84. a-Characteristic Frequency Response, 
FET Type 2N3819. High-Pass Filter (Example 2). 
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TABLE XV. Tabular Data For a-Characteristic 


PSG . ieee mlcdtilOn hac tor Req (2) hag ares 
(Hz) Ay (db) Curve# 
10 -56.3+16.0 = 40.3 975.47 0.138 2 
40 -56.8+16.0 = 40.8 920.4 0.130 
200 -56.8+16.0 = 40.8 
300 -56.8+16.0 = 40.8 
400 -56.8+16.0 = 40.8 
720 =-56 +16.0 = 40 1010.1 0.142 3 
800 Sceee rig Ol= 37.8 1305 0.185 4 
900 PA068116.0 = 33.8 2084.3 0.295 5 
1000 -44.2+16.0 = 28.2 4047.9 0.572 6 
1100 -39.0+16.0 = 23.0 Tome, 1.077 7 
1200 -37.5+16.0 = 21.5 9186.9 1.299 8 
1300 ~37.5+16.0 = 21.5 
1400 meyessie so = 21.5 
1600 eo lo nO = 21.5 
2000 =o7Selo | = 22 9784.6 1.38 9 
3000 -37 +16 =21 
10000 mag 65216.0°= 21.5 
1.414 10 
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Figure 85. High-Pass Nonlinear Active Filter Frequency 
Response Characteristic (Experimental and Parameter 
Plane Predictions). Example 2. 
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TABLE XVI. High-Pass Nonlinear Filter Frequency 
Response Data (Example 2). 
Frequency Experimental Pametieeemws e Pane sopeci ti catlom ab 


(Hz) Measurement (db) V5 7 Odb Vent iss) db 
100 > ifet 0 =60) 20 = Or 
200 -65.2 -£9.1 -64.6 
300 oo aU) sie tlie 2) =O) 0 
400 -54.5 -37.4 -52.4 
500 =-51.5 = 354.0 -~49 .3 
600 -49 .0 =i AG, -46.5 
700 -46.2 PAG) 18 -42.5 
800 -42.3 PAS) —40 00 
900 310 c= ble Bee 5s) 0, 

1000 =a Z oy ATER) 

1100 =23 51 = Salt =O) 

1200 = 2210 5 10) see 210) = oes 

1300 alee ari = "2.4 ait), 

1400 ale 2 - 2.2 = jh oil 

1500 Salts 6 V2 - 1.7 rl ae 

2000 -16.2 co OM Seite: -16.07 

3000 =i) 318 =O. a2 =O 22 

5000 cl syste = (05 WS = 1151, SE 

7000 -15.5 = (0) gs -15.53 

10000 Sy as, = thse ayik 
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VI. CONCLUSION 


The research in this thesis has demonstrated the validity 
of the parameter plane frequency response techniques for 
synthesis of nonlinear networks of specified frequency response 
for sinusoidal driving voltages of fixed amplitude. Although 
discrete and integrated-circuit devices were used in a Jahiopa alia 
manner, it is felt that incorporation of these techniques 
into monolithic/hybrid integrated circuit components could be 
easily implemented. The amount of circuit complexity was 
high; substantial reduction should result as more design exper- 
ience is gained. 

The most serious limitation to this synthesis technique 
is the inability of the nonlinear networks to filter a complex 
signal consisting of several frequency components in a pre- 
scribed manner. The nonlinear filter frequency response is 
identical to the parameter plane specification for a slowly- 
varying (in frequency) sinusoid. The Pima) Go citer a 
complex waveshape is attributed to the FET nonlinear resistance 
and its controller. Some means of preconditioning the complex 
signal must be found to permit the FET resistance to behave 
as a slowly-varying quantity. The desemibing £unction=type 
graphical technique would obtain causing good correlation of 
prescribed frequency response and measurements. At present 


the instantaneous FET resistance is established by such factors 
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as the amplitude of the incoming signal, the frequency spread 
of the components of the signal input, the relative amplitudes 
of the components of the complex signal, the filtering action 
of the controller, and the magnitude and frequency of harmonic 
eortion components. 

In an attempt to enhance the filtering capability of these 
nonlinear networks different configurations of frequency- 
dependent nonlinear device controllers should be investigated. 
The use of feedback from the output of the nonlinear filter 
to the input of the controller is suggested as a means of 
obtaining cumulative filtering of the signal. An AGC or 
amplitude-stabilization technique would be necessary in the 
controller for small signal inputs from the filter, allowing 
the controller to function independently of the magnitude of 
ene controller input signal. 

Other types of nonlinearities should be investigated. The 
use of a voltage-dependent nonlinear capacitance would permit 
variable -9Q or variable bandwidth bandpass or bandreject 
filters. The use of current-dependent nonlinear inductance 
would permit more versatility in the nonlinear filters realized. 

As the number of nonlinearities is increased by experimen- 
tation the use of transformation devices: mutator, gyrator, 
scalor, and reflector would permit the realization of any type 


of specified nonlinearity. 
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